Glutathione-responsive carboxymethyl chitosan nanoparticles cross-linked with disulfide bonds were developed for controlled release of herbicides. The nanoparticles were synthesized by selfassembly of amphiphilic carboxymethyl chitosan derivative (CMCS-MUA) in aqueous solution and subsequently producing disulfide cross-linking bonds by ultrasonic treatment. TEM showed that the nanoparticles had a spherical core-shell configuration with a size of about 250 nm. Assessment of stability of the nanoparticles (considering mean diameter, polydispersity, and Zeta potential) was conducted over a period of three months, and the nanoparticles were found to be stable in solution. Herbicide-loaded nanoparticles were prepared using diuron as a model herbicide. In vitro release study revealed that diuron can be released from nanoparticles in a controlled manner depended on the glutathione concentration. Herbicidal activity assays performed with preemergence treatment of target species (Echinochloa crusgalli) showed the effectiveness of diuron-loaded nanoparticles. Assays with nontarget species (Zea mays) showed that the diuronloaded nanoparticles did not affect plant growth. The results indicate that the glutathioneresponsive nanoparticles prepared in this work will be a promising candidate for controlled release of herbicides in agriculture.
Introduction
In recent years, with the rapid economic development, more attention have been paid to environmental issues caused by large-scale use of herbicides, which have become one of the most serious pollutants in surface and subterranean hydrological system worldwide. Reducing the use of herbicides and avoiding its undesirable impacts are considered as a part of the drive toward sustainable agriculture. Therefore, tremendous efforts have been devoted to the development of controlled release system for herbicides [1] - [5] . Controlled release is the permeation-regulated transfer of an ingredient from a reservoir to a targeted surface to maintain a predetermined concentration level for a specified period of time [6] . Compared to conventional herbicide formulations, controlled release herbicides have some advantages as follows: 1) longer residual biological activity; 2) controlling or reducing evaporation of herbicides; 3) increasing safety to non-target organisms including humans; 4) reducing the amount of herbicides applied; 5) preventing herbicides from escaping into the environment [7] . An ideal controlled release system for herbicides should not only efficiently load herbicides, protect herbicides before getting to the target sites, release the loaded herbicides at the target sites, but also maintain herbicides level adequate for weeds control for a period of time. Encapsulation of herbicides in a polymeric matrix can help to achieve these goals.
were also investigated. At last, diuron, a hydrophobic compound, was chosen as a model herbicide. By taking advantage of self-assemble behavior, diuron was encapsulated into the disulfide cross-linked nanoparticles. The drug release behavior of nanoparticles was studied by imitating the intracellular environment of plants cells, and the herbicidal activity was evaluated by means of pre-emergence treatment.
Materials and Methods

Materials
Chitosan (CS, MW = 560,000 Da, deacetylation degree = 91.13%) was supplied from the Zhejiang Yuhuan Biotechnology Company. Chloroacetic acid (99.5% purity) was obtained from Tianjin Fuchen Chemical Reagents Factory. 11-Mercapto undecanoic acid (MUA, 95.0% purity) was purchased from Aldrich-Sigma. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC•HCl, 98.5% purity), N-Hydroxy-succinimide (NHS, 98% purity) were obtained from Aladdin. Diuron was provided by Wuhan Huancheng Science and Technology Ltd. All other chemical reagents in the study were of analytical grade.
Synthesis of Carboxymethyl Chitosan (CMCS)
According to the literature reported [16] - [20] , carboxymethyl chitosan (CMCS) can be successfully prepared though following steps. Briefly, 8 g of chitosan was suspended in isopropanol (100 mL) at room temperature while being stirred for 6 h and then filtered. The filter residue was treated with NaOH solution (50%, wt%), and this solution was fully stirred to mix evenly and then put in the refrigerator, where it froze overnight. Chloroacetic acid (22 g ) dissolved in isopropanol (28 mL) was then dropped onto the frozen chitosan mixture, and the mixture was maintained under agitation for 20 h at a low temperature below 10˚C. Then the solution was filtered and the filter residue was washed with absolute ethanol. The crude product was purified and finally dried under vacuum. The N, O-substitution degree of carboxymethyl groups determined by elemental analysis was about 0.68, and the degree of N-substitution was about 0.18.
Synthesis of Carboxymethyl Chitosan-11-Mercapto Undecanoic Acid Conjugates (CMCS-MUA)
CMCS-MUA was synthesized though the amidation reaction between the amino group of CMCS and the terminal carboxyl group of MUAaccording to the relevant literature information [21] . In brief, the obtained and dried CMCS (0.1 g) was dissolved in distilled water (10 mL) while being stirred for 24 h. MUA dissolved in 5 mL of dimethylsulfoxide (DMSO) was treated with EDC•HCl and NHS for 45 min for the activation of carboxyl groups of MUA. Then the resulting MUA solution was added dropwise into the CMCS solution. The reaction mixture was continually stirred for 6 h at room temperature in the dark. Afterwards, the solution was dialyzed and lyophilized. The whole process was carried out under nitrogen protection to minimize oxidation of thiol groups. In the feed molar ratios of 1:2, 1:6, and 1:10 between carboxyl group of MUA and amino group of CMCS, three samples were synthesized and named as CMCS-MUA-1, CMCS-MUA-2 and CMCS-MUA-3, respectively. The amount of covalently attached 11-Mercapto undecanoic acid with free thiol groups on the conjugates was determined with Ellman's reagent (DTNB, 5, 5'-dithio-bis-(2-nitrobenzoic acid)) [22] . Their contents of free thiol groups (μ mol SH/g polymer) were 137.819, 107.334, and 84.027, respectively.
Preparation of Disulfide Cross-Linked Nanoparticles
0.01 g of CMCS-MUA was dissolved in 10 mL deionized water under gentle shaking at 25˚C in the absence of light for 24 h, followed by ultrasonication using an ultrasonic cell crasher JY-92-2D at 40 W for 3 min to facilitate the oxidation reaction of thiol groups. To inhibit the heat buildup during sonication, the pulse function was used (pulse on 2.0 s; pulse off 2.0 s). The nanoparticles prepared using CMCS-MUA-1, CMCS-MUA-2 and CMCS-MUA-3 were named as NP1, NP2 and NP3, respectively.
Characterization of Disulfide Cross-Linked Nanoparticles
The zeta potential, mean size and size distribution of the nanoparticles were measured by DLS using a Zetasizer (Malvern ZS90). All measurements were done with a wavelength of 633.0 nm at 25˚C with an angle detection of 90˚, and each sample was repeatedly measured three times. Morphological evaluation of the nanoparticles was performed by TEM (TECNAI G220 S-TWIN, JEOL, Japan). For TEM analysis, sample solutions were dropped onto the carbon-coated 300 mesh copper grids and dried at 50˚C and then examined without being stained.
Stability Studies of Disulfide Cross-Linked Nanoparticles
The stability of the disulfide cross-linked nanoparticles (NP1, NP2, NP3) was investigated by DLS. The nanoparticles were placed at room temperature for three months in buffer solution of pH 7.0, and then the mean diameters, distributions and Zeta potentials were measured. 
pH-Sensitivity
Glutathione-Responsiveness Studies of the Nanoparticles
The study of glutathione-responsiveness of the nanoparticles was accomplished under the monitoring of DLS measurement. In brief, the lyophilized nanoparticles were dissolved in PBS of pH 7.0 and divided into three parts. One part without GSH was used as a control, and the other two parts were used adding GSH to reach the final concentrations of 10 µM and 2 mM, respectively. Then the solutions were incubated in a shaking bed at 200 rpm and 25˚C for 24 h. Afterwards the mean diameters and size distributions of the nanoparticles were also determined by Malvern ZS90.
Preparation of Diuron-Loaded Nanoparticles
Diuron, a hydrophobic compound, was employed as a model herbicide to investigate the drug loading and controlled release behavior. Typically, 0.1 g of CMCS-MUA and 10 mg of diuron were dispersed in 100 mL deionized water under stirring for 24 h at room temperature in the absence of light, followed by ultrasonication at 40 W for 3 min to obtain the diuron-loaded nanoparticles dispersion solution. Insoluble, free diuron was removed by centrifugation of the dispersion solution at 2000 rpm for 5 min. Diuron-loaded nanoparticles were separated from the aqueous solution by centrifugation at 10,000 rpm for 15 min, and washed with deionized water for three times to remove the diuron absorbed on the surface, and freeze-dried for 48 h in vacuum. The diuron-loaded nanoparticles prepared from NP1, NP2 and NP3 were named as DNP1, DNP2 and DNP3, respectively. Diuron concentration in the supernatant and three washing solutions was determined by high-performance liquid chromatography (HPLC) using a UV detector. Using an acetonitrile-water mix (volume ratio 60:40) as the mobile phase at a flow rate of 1.0 mL/min, and a C18-bonded phase column, column temperature being 30˚C and injection volume being 20 μL, diuron was analyzed on a Agilent 1100 HPLC-System at 250 nm, its wavelength of maximum absorption. All measurements were performed in triplicate. Diuron quantification employed a validated calibration curve describing the relationships between the diuron concentration and the HPLC detector responses.
Determination of Diuron-Loading Content and Encapsulation Efficiency
Efficiency of the encapsulation process was characterized by two parameters: encapsulation efficiency (EE) and loading efficiency (LE).
EE was defined as a ratio between the weight of diuron encapsulated and its total weight at the beginning of the process.
( )
Weight of encapsulated diuron was calculated by the initial total amount of diuron subtracting the insoluble, free diuron and the residual diuron in the supernatant and three washing solutions.
LE was defined as the amount of diuron encapsulated divided by the final weight of the dried diuron-loaded nanoparticles:
( ) weight of encapsulated diuron weight of the dried nanoparticles 100% LE = × (2)
In Vitro Release Study
The study of in vitro release behavior of DNP1 was carried out in three different conditions. Typically, the dried DNP1 (20 mg) were dispersed in 5 mL of deionized water and placed in a dialysis membrane bag with a molecular cut-off of 5 kDa, tied and immersed into 50 mL of pH 7.0 PBS media (simulating the cytoplasmic pH in plants cells [23] )with different GSH concentrations: without GSH (as a control), 10 μM GSH, 2 mM GSH (simulating the GSH concentrations in various plant tissues), and shaken in a thermostatic rotary shaker at 25˚C at a shaking speed of 25 rpm. At predetermined intervals, 5 mL of the release medium was removed and 5 mL of fresh medium was added into the system to maintain sink conditions. The amount of diuron in the release medium samples was determined by the HPLC method described above. All measurements were performed in triplicate.
In vitro release behavior of DNP1, DNP2 and DNP3 in the same media (pH 7.0, PBS, 2 mM GSH) was also investigated according to the method above, and free diuron as a control was also used for this study.
The cumulative drug release was calculated as follows:
( )
Cumulative drug release the amount of diuron released at the time the initial amount of diuron in nanoparticles 100% t = ×
Herbicidal Activity Assays
Herbicidal activity was evaluated by means of pre-emergence treatment [24] [25]. Pots 9.3 cm high, with an upper diameter of 12.5 cm and a lower diameter of 9.3 cm, were filled with 600 g of plant substrate (Orgam Biomix). Fifteen seeds of the target species (Echinochloa crusgalli) and ten seeds of the nontarget species (Zea mays) were sown in each pot. Two days after sowing, diuron and DNP1 were applied to the substrate by spraying using a concentration of the active principle equivalent to 3 kg/ha (a typical concentration used in the field). NP1 was also applied, as well as water alone. After 10 days, the plants were collected, washed, dried, and weighted. Each test was performed in triplicate, and the results were expressed in terms of the mean and standard deviation of the dry mass. The statistical analysis employed analysis of variance (ANOVA) with the Tukey-Kramer post-test. These analyses were performed using GraphPad InStat v.3 software.
Results and Discussion
Synthesis and Characterization of CMCS and CMCS-MUA
CMCS and CMCS-MUA were synthesized according to the procedures schematically depicted in Figure 1 . Firstly, as shown in Figure 1(a) , CMCS was prepared by the modification of chitosan using chloroacetic acid. Then, as showing in Figure 1(b) , the amine groups of CMCS reacted with the carboxyl groups of MUA to form amide bonds, resulting in an amphiphilic carboxymethyl chitosan derivative bearing both carboxyl groups and undecane chains.
The structures of CMCS and CMCS-MUA were characterized by Fourier transformed infrared (FT-IR) spectroscopy and Proton nuclear magnetic resonance ( Figure 2 , two absorption bands at 1417 cm −1 and 1600 cm −1 may be belonged to the asymmetric stretching vibration and symmetric stretching vibration of carbonyl respectively, which showed that CMCS was successfully prepared. Compared with curve a, a new characteristic band at 2854 cm −1 was observed in curve b, which was assigned to the asymmetric stretching vibration of C-S bond in CH 2 -SH. In addition, the intensity of the absorption band of -CH 2 -at 2914 cm 
Formation and Characterization of Nanoparticles
The schematic representation of assembly process of CMCS-MUA in aqueous solution was shown in Figure 4 . A certain amount of CMCS-MUA were first dispersed in deionized water to self-assemble into nanoparticles with a core-shell structure, then the disulfide cross-linked core-shell nanoparticles were obtained by air-oxidation under ultrasonication. The TEM images of the resulting CMCS-MUA nanoaggregates were shown in Figure 5 , which confirmed that the nanoaggregates had an approximate spherical geometry with obvious core-shell structure, and a relatively uniform size distribution of around 250 nm in diameter. The amount of remaining thiol groups in the cross-linked core-shell nanoparticles determined by Ellman's method is less than 12%, which indicated that most of the thiols were oxidized to form disulfide bonds [26] .
The prepared CMCS-MUA contains carboxyl groups and undecane chains which contribute to its amphiphilicity. Upon dispersing in aqueous solution, the undecane chains on CMCS-MUA tend to self-aggregate to form hydrophobic cores driven by hydrophobic interaction, and the hydrophilic segments with carboxyl groups tend to stretch to form shells outside these hydrophobic cores, thus the core-shell nanostructure is obtained [27] . Then, under the treatment of ultrasonication, the neighbouring thiols in the hydrophobic cores are oxidized to form disulfide cross-linking bonds, resulting in a compact structure. Table 1 shows the mean diameters (MD) and distributions of the disulfide cross-linked nanoparticles before and after being placed for three months. It can be directly seen that the nanoparticles had little changes on sizes and polydispersity index (PDI) values, which suggested that the disulfide cross-linked nanoparticles had high stability. This may be attributed to the formation of intermolecular and intramolecular disulfide bonds. This kind of stability is of great significance for avoiding herbicides release before reaching the target sites. The Zeta potentials of nanoparticles are also shown in Table 1 . It demonstrated that the nanoparticles had negative surface charges. In view of the Zeta potential theory, particles with Zeta potentials more positive than +30 mV or more negative than −30 mV are normally considered stable, so the nanoparticles prepared in this study have further proven to be quite stable.
Stability of the Disulfide Cross-Linked Nanoparticles
pH-Sensitivity of the Nanoparticles
The pH-sensitivity of the disulfide cross-linked core-shell nanoparticles was studied by monitoring the mean nanoparticle size in the pH range of 4.0 to 8.0, in which precipitation was not observed. As shown in Figure 6 , the diameters of the three samples increased with the increase of pH in the range of pH 4.0 -7.0 until reaching a maximum value at pH 7.0. This change could be ascribed to the following reason. In the range of pH 4.0 -7.0, the ionization degree of carboxyl groups on CMCS chains increases with the increase of pH, which reduces the hydrogen bonds formed between carboxyl groups and increases electrostatic repulsion between ionized carboxyl groups. However when pH increased from 7.0 to 8.0, decreases in nanoparticle diameters were observed, this result might be attributed to the charge screening effect of the counter ions [28] [29]. Additionally, it was also discovered that with the pH value increasing from 4.0 to 7.0, the diameters of three samples (NP1, NP2 and NP3) increased by 1.38, 1.64 and 1.85 times, respectively, and the extent of the change was decreased in the following order: NP3 > NP2 > NP1. This result may be ascribed to the cross-linking degree. The more MUA substitution the sample had, the more disulfide cross-linking bonds it could form, which resulted in a more compact structure, so the pH sensitivity decreased with the increase of the cross-linking degree.
Glutathione-Responsiveness of the Nanoparticles
The mean diameters and distributions of nanoparticles at pH 7.0 PBS containing GSH of different concentrations (0, 10 μM, 2 mM) for 24 h are shown in Table 2 . For each of the three samples, the mean diameter and PDI value at 10 μM GSH almost keep unchanged compared to that of the control group without GSH, while an obvious increase at 2 mM GSH was observed. This result illustrates that the nanoparticles can remain relatively stable in pH 7.0 PBS without GSH or with a relatively low concentration of GSH (10 μM), while at a relatively high concentration of GSH (2 mM), the disulfide cross-linking bonds can be cleaved, resulting in an increase in mean size and PDI.
Diuron Loading and In Vitro Release
To investigate the drug-loading capacity of the nanoparticles, diuron, a hydrophobic compound, was employed as a model herbicide to load into the nanoparticles in suit. Table 3 showed the diuron loading efficiency (LE) and encapsulation efficiency (EE) of nanoparticles as well as the solubility of diuron. As can be seen from Table  3 , NP3 expressed a lower encapsulation efficiency of around 19.87%. When the mole ratio of MUA substitution to the CMCS unit increased from 1:10 to 1:2, the encapsulation efficiency of diuron increased from 19.87% to 78.28%, and the diuron loading efficiency increased from 1.95% to 7.26%. This result may be attributed to the increase of the hydrophobic volumes of inner cores [30] [31] . In addition, compared with the solubility of free diuron in water (4.2 mg/100 g H 2 O), a significantly improvement was observed for NP1 up to 11.8 mg/100 g H 2 O.
In order to further investigate the in vitro release behavior in different concentrations of GSH, DNP1 was chosen as the object of study. As it had been reported that the cytoplasmic pH in plants was maintained at relatively constant values close to neutrality despite the existence of pH-perturbing processes [23] , and GSH was present at concentration of 2 mM to 3 mM in various plant tissues [15] . Based on this, the pH 7.0 PBS containing different concentrations of GSH (0, 10 μM, 2 mM) were chosen to simulate the environment in plant cells. Figure 7 revealed the diuron release from DNP1 in pH 7.0 PBS with GSH of different concentrations. As can be seen, the percentage of the cumulative release at 2 mM GSH arrived at 58.18% after 24 h, which was much higher than that of the control group without GSH (only 13.02%), and the percentage of the cumulative release at 10 μM GSH only arrived at 18.92%, which was a little over the control group. The release mechanism should be explained from the following aspects. When in pH 7.0 PBS without GSH, the release of diuron might be attributed to the diffusion of diuron on the surface of the nanoparticles out of the dialysis membrane. When the concentration of GSH increased to a high level namely 2 mM, the disulfide bonds were cleaved to some degree, which destroyed the disulfide cross-linking network structure and therefore made it easier for diuron to release outward [32] - [34] . These results indicated that these disulfide cross-linked nanoparticles can be used as carriers for herbicides in agriculture by taking advantage of the GSH concentration in plant cells. Figure 8 demonstrated the release profiles from DNP1, DNP2, and DNP3 in pH 7.0 PBS with 2 mM GSH. It was interesting to note an initial fast release of diuron during the first 4 hours, followed by a more gradual and sustained release phase for the following 19 h. For DNP1, about 42% of diuron still remained in the nanoparticles even after 24 h. The initial fast release of diuron might be due to the diffusion of diuron on the surface of the nanoparticles out of the dialysis membrane. This was also consistent with the rate of diffusion across the dialysis membrane for free diuron. Then the following relatively slow release could be dominated by the degree of hydrophobic MUA substitution. As can be seen, the cumulative rates of diuron over time from diuron-loaded nanoparticles in pH 7.0 PBS with 2 mM GSH were ranked in the following order: DNP3 > DNP2 > DNP1, which might be ascribed to the increase of the disulfide cross-linking degree. The nanoparticle with a higher degree of disulfide cross-linking exhibited a smaller particle size and a more compact network structure, which would make it more difficult for diuron to release.
Evalution of Herbicidal Activity
The herbicidal activity of DNP1, NP1, as well as free diuron, were investigated using two species, one a target species (Echinochloa crusgalli), and the other a nontarget species (Zea mays). The application concentration of diuron (equivalent to 3.0 kg/ha) was the same as that employed commercially in field crops. Diuron can be used to control weeds in maize plantations by pre-emergence treatment. Maize is resistant to diuron because of the presence in this species of an enzyme, cytochrome P450 monooxygenase, which is able to degrade diuron [35] [36] . The effects on the two species are illustrated in Figure 9 (Figure 9(a) and Figure  9(b) ), where it can be seen that there were no obvious changes in the dry weight of Zea mays, while in the case of Echinochloa crusgalli, there was a greater effect for DNP1, compared to diuron alone. For the target species (Echinochloa crusgalli), as shown in Figure 9(b) , all the formulations showed effect, relative to the control, with the exception of the NP1. So it is speculated that the nanoparticles prepared in this paper showed no phytotoxic effect in Echinochloa crusgalli. The greater effectiveness of DNP1 against the target plant could be explained by the following reasons: the presence of the nanoparticles acted to increase the interaction with the plant root, or that the nanoparticles were absorbed by the roots, hence improving delivery of the diuron to the plant tissues [37] , and once the diuron-loaded nanoparticles arrived at the plant tissues, they were exposed to an environment of 2 -3 mM GSH, at which disulfide cross-linking bonds could be cleaved to some degree, and thus diuron was released in a controlled manner. Another important point is that encapsulation is likely to have protected diuron against physico-chemical and micro-biological degradation.
Conclusions
In our work, amphipathic CMCS-MUA bearing both hydrophilic carboxymethyl groups and hydrophobic MUA substitutions was successfully synthesized. A nanosized glutathione-responsive controlled release system for diuron was also successfully fabricated by self-assembling in aqueous solutions. The results of TEM proved that the self-assembled nanoparticles exhibited spherical morphology with a core-shell configuration. The ionizable carboxy groups furnished the nanoparticles with pH-sensitivity, and the reducible disulfide bonds provided nanoparticles with glutathione -responsiveness. The in vitro release profiles of DNP1 in pH 7.0 PBS with GSH of different concentrations (0, 10 μM, 2 mM) revealed that the release rate of diuron strongly depended on the GSH concentration, and a relatively high concentration of GSH namely 2 mM can trigger the gradual and sustained release of diuron from nanoparticles. The results of in vitro release for DNP1, DNP2, and DNP3 in pH 7.0 PBS with 2 mM GSH demonstrated that the release rate of diuron from nanoparticles over time decreased with the increase of the degree of hydrophobic MUA substitution. Herbicidal activity assays performed with pre-emergence treatment of target species (Echinochloa crusgalli) showed the effectiveness of diuron-loaded nanoparticles. Assays with non-target species (Zea mays) showed that the diuron-loaded nanoparticles did not affect plant growth. In a word, disulfide cross-linked diuron-loaded nanoparticles prepared in this study can release diuron at 2 mM GSH, and almost no release of diuron at the environment without GSH or with a relatively low concentration of GSH such as 10 μM. So nanoparticles fabricated in this study could have great potential for controlled release of herbicides. Before getting to plant cells, herbicides could not leak out, and once entering plant cells, they are exposed to an environment of 2 -3 mM GSH, at which disulfide cross-linking bonds could be cleaved to some degree, and thus release herbicides in a controlled manner, so the disulfide cross-linked nanoparticles could be a potential candidate for controlled release of herbicides.
